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Summary
Objective: To determine the range and variability of the cartilage volume, thickness, and articular surface areas in the knee joints of healthy
male subjects, the association of these parameters within and between the knee joint cartilage plates, and their correlation with
anthropometric variables.
Method: The right knees of 27 individuals (age 23 to 64 years) without cartilage damage were examined. Sagittal magnetic resonance
imaging was with a fat-suppressed gradient echo sequence (resolution 2×0.31×0.31 mm3), quantitative parameters being computed for all
cartilage plates.
Results: The total knee joint cartilage volume ranged from 16.6 to 31.4 ml, the size of the articular surfaces from 102 to 163 cm2, and the
mean cartilage thickness from 1.57 to 2.43 mm. The mean and maximal cartilage thickness were highest in the patella (2.76 and 5.72 mm).
There was a significant correlation of the cartilage volume with the mean thickness (R=0.80) and with the joint surface areas (R=0.56), but
not between the thickness and surface area (R=0.37). The association among the patella, tibia, and femur was 0.16 to 0.72 for volumes, 0.08
to 0.78 for thickness, and 0.24 to 0.62 for surfaces. The knee joint cartilage volume and the surface areas were significantly associated with
the body height (R=0.51 and 0.57), but not the cartilage thickness (R=0.22).
Conclusion: There is a surprisingly high variability of the quantitative distribution of cartilage within the knee joint, with only moderate
correlaions between knee joint cartilage plates, and this variability cannot be adequately predicted based on anthropometric variables.
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Elucidating the principles that govern the quantitative
distribution of articular cartilage tissue in diarthrodial articu-
lations is crucial for retrospectively diagnosing cartilage
loss in symptomatic patients with degenerative joint dis-
ease as well as for understanding the ontogenetic devel-
opment of human joints. Due to a lack of non-invasive
imaging modalities for direct delineation of articular carti-
lage, there have so far been only very sparse data on
morphological cartilage parameters (volume, thickness,
surfaces areas) of knee joint cartilage plates, particularly in
younger individuals. The advent of magnetic resonance
imaging (MRI) however, has recently made it possible to101delineate articular cartilage with high contrast to the
adjacent tissues under in-vivo conditions, provided that
high-resolution, fat-suppressed gradient-echo sequences
are applied1,2. Based on these imaging protocols and
advanced three-dimensional digital post-processing tech-
niques, it has become possible to obtain accurate2–9
and highly reproducible3,5,10–13 data on the quantitative
distribution of cartilage in the human knee joint.
In bone densitometry, the current approach is to
measure bone mineral content or density at a given lo-
cation and to compare the measurements with those of a
normal young (t-score) or age-matched (z-score) reference
population. This has led to the present operational
definition of the WHO of osteoporosis, defining the disease
as a bone loss of more than 2.5 standard deviations below
the normal value. Equivalent approaches may be pursued
for retrospectively estimating cartilage loss in patients
with symptomatic joint disease, but this requires in-depth
knowledge of the normal values and their variability in
normal individuals (Fig. 1). In a previous study we have
observed a high interindividual variability of the cartilage
volumes of the human knee joint in a small sample of mixed
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We examined 27 right knee joints (10 from specimens
and 17 from healthy volunteers, partly pooled from prior
accuracy and precision studies) without signs of bone or
cartilage damage. The specimens were obtained within
48 h of death with the joint capsule intact, stored at −20°C,
and gradually thawed to room temperature before the
examination. The volunteers were asked to rest physically
for 1 h before the investigation, in order to avoid load-
induced compression of the cartilage prior to imaging16.
The age of the 27 individuals ranged from 23 to 64 years
(mean 40±12.3), the body weight from 61 to 114 kg (mean
81.5±16.1), the body height from 169 to 196 cm (mean
181±6.6), and the body mass index (BMI)17 from 19.4 to
34.8 kg/m2 (mean 24.8±4.6).
MRI was performed with a 1.5 tesla magnet (Magnetom
Vision, Siemens, Erlangen, Germany), a circumferentially
polarized extremity coil, and a fat-suppressed, three-
dimensional gradient echo sequence (FLASH-3D:
TR=45 ms, TE=11 ms, FA=30°). Sagittal images were
obtained with a section thickness of 2 mm and an in-plane
resolution 0.31×0.31 mm2 (field of view=16 cm, matrix=
5122 pixels), the frequency encoding direction being
superior to inferior, and the phase encoding direction
posterior to anterior.Original cartilage
volume/thickness
before disease onset Onset of clinical
symptoms or signs
Cartilage
tissue loss
?
Fig. 1. Graph demonstrating the problem of retrospectively
estimating the amount of cartilage tissue loss at the onset of
symptoms in a patient with joint disease.Digital image processing and statistical analysis
All datasets were digitally transferred to a multiprocess-
ing computer (Octane Duo, Silicon Graphics, Mountain
View, CA) with a high-performance graphic system.
Segmentation of the articular surface and the bone–
cartilage interface of the patellar, femoral, medial, and
lateral tibial cartilages was performed interactively on a
section by section basis with a B-spline Snake algorithm
(deformable contours). This contour detection method is
based on a combination of model forces (initial contour and
segmentation from previous sections) and image forces
(gray value gradients), and has been demonstrated to
provide a higher precision of cartilage thickness measure-
ments than manual segmentation18. After 3-D reconstruc-
tion, the cartilage volumes were determined from the
number of voxels included in the reconstructions (Fig. 2).
The mean and maximal cartilage thickness for these
cartilage plates were derived from the 3-D reconstruc-
tions with a 3-D Euclidean distance transformation,
independent of the original section position and angu-
lation12. This algorithm computes the minimal spatial
distance from the articular surface to the bone–cartilage
interface at about 1000 points per square centimeter
(Fig. 2). As a measure of the cartilage thickness
inhomogeneity, the standard deviation of the thickness (in
% of the mean value) was determined for each plate19–21.
Finally, the sizes of the articular surfaces and the bone–
cartilage interfaces were calculated after interpolation and
triangulation (Fig. 2). For the thickness computations, the
femur was separated into its trochlear component (the
facies patellaris femoris), and into the medial and lateral
femoral condyle. (Please note that the cartilage volumes
and surface areas for these components are not given,
since the subdivision does not follow a natural border and is
somewhat arbitrary. Whereas the specific choice of the
point of subdivision directly determines the respectivegender14 and a surprisingly low correlation with the body
weight and height. Since the cartilage volume (and its
variability) is determined by two components, namely the
cartilage thickness and the size of the articular surface
area, the objective of the current study was to systemati-
cally analyse (1) the interdependence of these parameters
in the knee joint cartilage plates, (2) their association
among the different plates, and (3) their correlation with
anthropometric variables. In order to avoid the confounding
influence of gender15, the present analysis was confined to
a larger sample of male individuals.
We aimed to answer the following specific questions:
(1) What is the normal range and the interindividual
variability of the cartilage volume, thickness, and
articular surface areas in the knee joints of healthy
male subjects?
(2) Are there systematic differences between the various
cartilage plates (e.g. the medial and the lateral tibial
plateau), regarding both the absolute values and the
interindividual variability?
(3) What is the interdependence between different vari-
ables in the same cartilage plate? Do the cartilage
volumes primarily depend on the size of the articular
surface area or on the cartilage thickness? Do indi-
viduals with large articular surface areas also display
large cartilage thickness values? Are the mean and
the maximal thickness values and other parameters
closely correlated?
(4) Is there a high degree of association of these par-
ameters among different cartilage plates? For
instance, do individuals with a large cartilage thick-
ness in the patella consistently show high values in
the tibia and femur, and vice versa?
(5) What is the association between the cartilage volume,
the thickness, and the articular surface areas on the
one hand, and anthropometric variables, such as age,
body weight, body height on the other? Can the
normal cartilage volume, thickness and surface
area be reliably estimated based on these variables or
not?
By answering these questions, we aim to provide normal
reference values for healthy subjects, which are required
clinically to retrospectively diagnose cartilage loss in osteo-
arthritis (OA), and to elucidate the fundamental morphologi-
cal principles along which articular cartilage tissue is laid
down in diarthrodial joints.
Osteoarthritis and Cartilage Vol. 9, No. 2 103volumes and surfaces areas, the thickness values are only
minimally affected).
The cartilage volumes and surface areas of the total
knee joint were evaluated by summing up the volumes and
surfaces of the various cartilage plates (patella, femur, and
tibia). The mean cartilage thickness of the entire knee wasobtained by summing up the mean thickness values of all
individual cartilage plates and weighing them with the
proportion of surface area of the total knee:
thknee=(th1×% sa1)+(th2×sa2)+. . . (thn×san) (1)
th being the mean thickness, and % sa its proportion of
surface area relative to the total knee joint surface area, the
different components of sa adding up to 100%.
To evaluate whether the values were systematically
higher or lower in any of the cartilage plates, we first
applied analysis of variance (ANOVA) and then the paired
t-test (significance level=1%). Correlations between differ-
ent parameters, between different cartilage plates, and with
the anthropometric variables (age, body weight, body
height) were obtained by computing the linear correlation
coefficient (R) and its signficance level based on regression
analyses.Fig. 2. Method for measuring the cartilage volume, thickness and
surface area size: (top) 3-D reconstruction of the femoral cartilage
plate, used to compute the cartilage volume; (middle) 3-D thick-
ness distribution throughout the femoral cartilage plate, deter-
mined by 3-D Euclidean distance transformation between the
articular surface and the bone–cartilage interface. The algorithm
computes the minimal distance between the joint surface and the
bone interface12. (Bottom) trianglulation of the articular surface,
used to compute the size of the surface area.Results
The total knee joint cartilage volume ranged from 16.6 to
31.4 ml, the mean value being 23.3±3.8 ml. The total
articular surface area of the knee joint cartilage plates
varied between 102 and 163 cm2 (mean=121±14.1 cm2),
and the mean cartilage thickness between 1.57 to 2.43 mm
(mean=1.95±0.26 mm). The ranges of normal values for
the various joint surfaces (patella, medial and lateral tibia,
femur and its components) are given in Table I.
The cartilage volumes were highest in the femur
(13.4±2.9 ml), followed by the patella (4.09±0.93 ml), the
lateral tibia (3.26±0.68 ml), and the medial tibia
(2.48±0.54 ml) (Fig. 3), the differences being highly signifi-
cant in each case (P<0.01). The ratio between the lateral
and medial tibia volume was 1.30, on average. The surface
area was also greatest in the femur (78±10.3 cm2), but was
similar in the patella (14.3±1.8 cm2), the medial tibia
(14.2±2.0 cm2), and the lateral tibia (14.5±2.45 cm2), with
no significant differences between these three plates
(Fig. 3). The sizes of the bone–cartilage interfaces were
consistently smaller than the articular surface areas
(average −9.0%), but the quantitative relationship between
the interfaces of different cartilage plates was identical to
that of the joint surfaces.
The mean and maximal cartilage thickness were highest
in the patella (2.76/5.72 mm) with maxima up to 7.75 mm
(Table I; Fig. 3). The values were significantly (P<0.01)
smaller in the femoral trochlea (2.20/4.49 mm). In the
medial femorotibial compartment, the thickness was 1.62/
3.37 mm in the tibia, and not significantly different in the
femoral condyle (1.57/3.35 mm). In the lateral compart-
ment, the tibial cartilage (2.22/4.85 mm) was significantly
(P<0.01) thicker than that of the femoral condyle (1.58/
3.49 mm) (Fig. 3). Adding up the mean cartilage thickness
values in the medial and lateral femorotibial compartment
in each case, the average values were 3.19±0.42 mm
medially and 3.81±0.59 mm laterally. Taking the femur as a
whole (trochlea and condyles), the mean and maximal
thicknesses were 1.78 and 4.53 mm respectively, the maxi-
mum being located in the femoral trochlea in 23 cases and
in the lateral condyle in three, and in the medial condyle in
one case. The maximal thickness of the knee was located
in the patella in 22 cases, in the lateral tibia in three, and in
the femoral trochlea in two. The ratio of the maximal vs
mean cartilage thickness ranged from 2.05 (femoral
trochlea) to 2.28 (lateral femoral condyle), and the
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Fig. 3. Normal values and interindividual variability of the cartilage
volume, thickness, and surface areas in the patella, femur, medial
and lateral tibia; data from 27 male individuals with no symptoms
or signs of cartilage degeneration: (a) cartilage volume; (b) mean
cartilage thickness; (c) size of the surface area.thickness inhomogeneity from 36% (medial tibia) to 44%
(lateral tibia and patella) (Table I). The ratio between the
lateral and medial tibia was 1.37 for the mean, and 1.43 for
the maximal cartilage thickness, respectively.
There was a high degree of interindividual variability for
these parameters (Table II; Fig. 3), the variation of the total
knee joint cartilage volumes (1 S.D.) being 16.3%. Within the
individual cartilage plates the variability was somewhat
higher and was consistently around 22% (Table II). Thisimplies that the maximal value in the 27 individuals gener-
ally exceeded the minimum by more than 2.5. Also the
percentage of cartilage tissue taken up by the various
surfaces was highly variable, the patella displaying values
of 11–27%, the medial tibia of 8–17%, the lateral tibia of
11–21%, and the femur of 38–67% of the knee (Table I).
The interindividual variabilities of the joint surface areas
(13.6%) and the mean cartilage thickness (13.0%) of the
total knee were similar (and somewhat smaller than those
of the cartilage volume), the standard deviation in the
various joint surfaces ranging from 13 to 27% (Table II).
The ratios between the lateral and medial tibia were also
relatively variable between individuals, the minimal/
maximal values being 0.9–1.7 for the volume (S.D.=15%),
1.1–1.7 for the mean (S.D.=9%), and 1.1–1.8 (S.D.=12%) for
the maximal cartilage thickness. When adding up the mean
cartilage thickness in the medial and lateral femorotibial
compartment, the interindividual variability was 13%
medially, and 16% laterally.
When analysing the correlations between parameters,
the knee joint cartilage volume showed a significantly
positive correlation with both the mean cartilage thickness
(R=0.80; P<0.01) and the joint surface areas of the knee
(R=0.56; P<0.01) (Fig. 4), the significant association apply-
ing to almost all joint surfaces (Table III). However, there
was no significant correlation between the joint surface
area and the mean thickness, the coefficient being R=0.37
for the total knee (Fig. 4) and ranging from 0.02 to 0.34 in
the various plates (Table III). The mean and maximal
cartilage thickness showed a moderate to high association
with each other (R=0.57–0.91; Table III), and the sizes
of the surface area and bone–cartilage interface very
high correlations in all plates (R=0.91–0.97; Table III).
Computing the ratios between the maximal cartilage thick-
ness and the surface areas or between the mean thickness
and the surface areas, the values ranged from 4.06/1.96 in
the patella to 0.59/0.23 in the femur (Table I), the ratios
displaying a similar degree of interindividual variability as
the absolute values (Table II).
Comparing different cartilage plates, the association
among their volumes were low to moderate, ranging from
0.16 (femur with lateral tibia) to 0.72 (patella with lateral
tibia) [Table IV(a)]. This demonstrates that individuals with
a high cartilage volume of one plate do not necessarily yield
high values in the other. The same applied to the size of the
surface areas with coefficients between 0.24 (medial tibia
with patella) and 0.62 (lateral tibia with medial tibia)
[Table IV(a)]. A similar range of correlations were observed
for the mean and maximal cartilage thickness of different
cartilage plates with coefficients ranging from 0.08 (maxi-
mal thickness in medial femoral condyles vs medial tibia) to
0.78 (mean thickness lateral vs medial tibia) [Table IV(b)].
We generally observed weak negative correlations
between the cartilage volume and mean/maximal cartilage
thickness on the one hand, and age on the other (Table V),
the coefficients being significant in case of the mean and
maximal thickness of the femoral trochlea (R= −0.41 and
−0.49, respectively), the maximal thickness of the medial
condyle (R= −0.41), the maximal thickness of the patella
(R= −0.50), and the maximal thickness of the femur
(R= −0.50). The association for the total knee joint cartilage
volume was −0.18 and for the mean knee joint cartilage
thickness −0.26 (both not significant) [Fig. 5(a)]. There was
no obvious correlation of the size of the surface areas with
age (total knee joint −0.04; Table V).
There was a significant positive association between
the body height and the cartilage volume of the knee
106 F. Eckstein: Variability of knee joint cartilagejoint (R=0.51; P<0.01), and that of the medial tibia and the
femur (P<0.05, respectively) (Table V). In contrast, the
body weight was not significantly associated with the total
knee joint cartilage volume (R=0.25) or the volumes of the
different cartilage plates (Table V). The association of the
cartilage volume with the size of the bone–cartilage inter-
face (a measure of the bone size) was 0.50 (P<0.01). The
mean cartilage thickness of the various plates showed no
significant association with the body weight [Table V; total
knee joint: R=0.08; Fig. 5(b)]. The association with body
height was significant for the mean thickness of the medial
tibia and the femoral trochlea (P<0.05), but not for the total
knee joint [R=0.22; Fig. 5(c)], the other joint surfaces, or for
the maximal thickness values (Table V). The association
between the knee joint cartilage thickness and the size
of the bone–cartilage interface was 0.27 (not significant)
[Fig. 5(d)]. The size of the joint surface area of the total
knee displayed a significant positive correlation with body
height (R=0.57; P<0.01) as well as body weight (R=0.52;
P<0.01), the association with body weight being significant
in the patella and the femur, and that with body height in the
femur but not in the patella and tibia (Table V).Table II
Variation of quantitative morphometric cartilage parameters in the knee joint cartilage surfaces of 27 healthy male
individuals; coefficient of variation (CV%)
Patella Medial
tibia
Lateral
tibia
Femoral
trochlea
Medial
femoral
condyle
Lateral
femoral
condyle
Total
femur
Cartilage volume 23% 22% 21% 22%
% Total knee joint volume 20% 20% 17% 12%
Joint surface area 13% 14% 17% 13%
Bone–cartilage interface area 16% 14% 14% 14%
Maximal cartilage thickness 17% 15% 17% 18% 15% 21% 17%
Mean cartilage thickness 16% 14% 13% 14% 19% 27% 15%
Maximal/mean thickness 7% 14% 11% 12% 14% 18% 14%
Maximal thickness/joint surface area 21% 36% 21% 20%
Mean thickness/joint surface area 20% 18% 25% 17%Discussion
In this study we describe the normal values and inter-
individual variation of knee joint cartilage volumes, thick-
ness, and surface areas in healthy male volunteers, the
correlation of these parameters with each other, the degree
of association among the different knee joint cartilage
plates, and the correlation with anthropometric variables.
Since significant differences in the cartilage volume have
been described between men and women15, we confined
our present analysis to male individuals, in order to elimi-
nate the confounding effect of gender. To our knowledge,
this is the first comprehensive study to describe these
quantitative morphological parameters and their correla-
tions in the human knee joint.
Provided that adequate tools of 3-D image analysis are
employed, MR imaging makes it possible non-invasively to
measure cartilage volume, thickness and surface areas
with a high degree of accuracy and precision2–13. Despite
recent advances in the standardization and computerized
analysis of the joint space width in conventional
radiography22–24, the cartilage cannot be delineated
directly with this image modality. Particularly, the measure-
ments are highly dependent on the degree of standardiz-
ation of imaging position24, the tibial and femoral cartilage
layers cannot be analysed separately, and the techniquecannot provide information throughout the joint surface,
relying on a projection of two three-dimensional cartilage
plates onto a 2-D film. Whereas the minimal joint space
width is generally determined at one single location, the
3-D computation of the cartilage thickness from MR data-
sets in our analysis relies on approximately 1000 measure-
ments per square centimeter (between 12000 and 73000
measurements per cartilage plate). Previous studies on the
variation of articular cartilage thickness in radiographs25,26
should therefore be interpreted with care. The same
applies to 2-D MRI studies, in which measurements have
been performed in one slice (e.g.27), because the position
and angulation of the image relative to the joint surface is
difficult to standardize and to reproduce3,5,11,12.
Quantitative 3-D MR imaging constitutes a powerful and
innovative tool for quantifying articular cartilage tissue
growth in youth and adolescence, and cartilage tissue loss
in OA. When monitoring cartilage loss over time or evalu-
ating the potential beneficial effects of structure-modifying
drugs on the disease process, the interindividual variability
can be ignored since there will exist comparative values for
each individual at different points in time. However, when
trying to estimate retrospectively the amount of cartilage
loss at the onset of clinical symptoms (comparable to the
current approaches in bone densitometry—Fig. 1), or when
selecting specific patients for clinical trials, the measure-
ments at a given time point need to be related to the normal
values in an appropriate reference population or some
estimate of the original state of cartilage in the given
individual. As a first step, therefore, we have assessed the
normal values for cartilage volume, thickness and surface
areas in individuals without cartilage damage. Moreover,
we have analysed the correlation of these morphometric
parameters to each other, in an attempt to elucidate
whether any mathematical rules exist that govern the
shape of these cartilage plates in the human knee joint. We
aimed to determine whether the interindividual variability of
the cartilage volume is primarily dependent on a high
variability of joint size (size of articular surface area) or
bone size (size of bone–cartilage interface), or whether
there also exists a high degree of interindividual variability
in cartilage thickness. We were particularly interested in the
question of whether or not there is a constant ratio between
the cartilage thickness and the size of the joint. Finally, we
sought to determine whether the joint surface areas and/or
cartilage thickness can be predicted with reasonable
accuracy from anthropometric variables, such as body
weight and height, and whether normalization to these
parameters would be a useful approach in t- and z-score
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28 000Fig. 4. Interdependence of the knee joint cartilage volume, thick-
ness, and surface area: (a) correlation between the knee joint
cartilage volume and the mean cartilage thickness; (b) correlation
between the knee joint cartilage volume and the size of the surface
area; (c) correlation between the mean cartilage thickness and the
size of the surface area.systems of cartilage loss in OA. Although a potential
limitation of the current study is the combined analysis of
ex vivo and in vivo data, there is no indication that a change
of cartilage thickness is to be expected post mortem
when specimens are kept under appropriate conditions.
Moreover, we observed no systematic difference between
the values from the specimens and those from the
volunteers, the interindividual variability being similar in
both subgroups.
Our analysis reveals a surprising degree of inter-
individual variability in all cartilage plates, with coefficients
of variation of around 22% for the cartilage volume. This
implies that the 95% confidence intervals for the normal
range are about ±45% of the mean value, and that an
individual with an average cartilage volume must lose
almost half the tissue before being diagnostically obvious.
An individual at the upper range of normal values (+2 S.D.)
even needs to lose about two-thirds of his or her cartilage
tissue to drop below the 95% confidence level of the normal
range. Whenever possible, each individual should there-
fore serve as his or her own benchmark, the longitudinal
change over time being diagnostically most useful. The
variability of the total knee joint cartilage volume of the knee
was less than that of the individual cartilage plates,
whereas the percentage of cartilage tissue taken up by
these plates was highly variable. This confirms that the total
tissue in the knee is less variable than that of its com-
ponents, the ratio between the lateral and medial tibial
cartilage, for instance, ranging from 0.9 to 1.7:1 (S.D.=15%).
The relatively low correlation among the different plates
makes it difficult to estimate the original cartilage volume
at a diseased location from that measured in another
(potentially unaffected) site; for instance to predict the
original tibial cartilage volume in femorotibial arthrosis from
that of an intact patella.
The values for cartilage thickness are somewhat lower,
and those for the joint surface areas somewhat higher
than those determined by Ateshian et al.19 with stere-
ophotogrammetry in a set of 12 cadavers with a mean
age of 33 years. Nevertheless the differences are rela-
tively small and may be attributed to the different study
samples. Our thickness and surface values yield a lower
degree of interindividual variability than the volume; how-
ever, the coefficient of variations are still relatively large.
The interindividual variation in cartilage volume appears
to be determined to a similar degree by variations in
cartilage thickness and joint surface areas. It is interesting
that there is no close relationship between the cartilage
thickness and the size of the surface area, implying that
individuals with larger joints to not necessarily have
thicker cartilage, and vice versa.
Our data demonstrate that an individual with an average
cartilage thickness needs to lose about one-third of the
mean thickness to drop below the 95% confidence level of
the normal range, and an individual at the upper limit
(+2 S.D.) about half of the thickness to become diag-
nostically obvious. This is supported by radiographic
criteria for joint space width narrowing which should be at
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Correlation of quantitative morphometric cartilage parameters within the knee joint cartilage plates of 27 healthy
male individuals
Patella Medial
tibia
Lateral
tibia
Total
femur
Cartilage volume–Joint surface area 0.72* 0.55* 0.77* 0.44
Cartilage volume–Mean cartilage thickness 0.65* 0.68* 0.58* 0.54*
Joint surface area–Mean cartilage thickness 0.11 0.15 0.02 0.34
Joint surface area–Maximal cartilage thickness 0.04 0.18 0.07 0.17
Mean cartilage thickness–Maximal cartilage thickness 0.91* 0.57* 0.78* 0.58*
Joint surface area–Bone–cartilage interface area 0.91* 0.97* 0.97* 0.95*
*P<0.01.Table IVa
Correlation of quantitative cartilage parameters among the knee
joint cartilage plates of 27 healthy male individuals: cartilage
volume and joint surface areas
Patella Medial
tibia
Lateral
tibia
Medial tibia
Cartilage volume 0.58*
Joint surface area 0.24
Lateral tibia
Cartilage volume 0.72* 0.70*
Joint surface area 0.48 0.62*
Femur
Cartilage volume 0.20 0.24 0.16
Joint surface area 0.52* 0.58* 0.48
*P<0.01.Table IVb
Correlation of quantitative cartilage parameters among the knee joint cartilage plates of 27 healthy male
individuals: maximal and mean cartilage thickness
Patella Medial
tibia
Lateral
tibia
Femoral
trochlea
Medial
femoral
condyle
Medial tibia
Maximal thickness 0.56*
Mean thickness 0.75*
Lateral tibia
Maximal thickness 0.61* 0.71*
Mean thickness 0.69* 0.78*
Femoral trochlea
Maximal thickness 0.46 0.47 0.43
Mean thickness 0.44 0.60* 0.52*
Medial femoral condyle
Maximal thickness 0.30 0.08 0.18 0.49*
Mean thickness 0.33 0.33 0.41 0.53*
Lateral femoral condyle
Maximal thickness 0.49 0.41 0.52* 0.51* 0.48
Mean thickness 0.37 0.53* 0.43 0.42 0.31
*P<0.01.least 50% for the diagnosis of knee OA. As for the volumes,
there are only low to moderate correlations of the mean and
maximal cartilage thickness values of different plates, so
that it is again problematic to estimate the amount of tissue
loss at an affected location from that of an unaffected site
within the same joint. This high interindividual variabilitythus represents a considerable problem in retrospectively
estimating cartilage loss in a patient at the onset of
symptoms. In this context it must be noted that the current
study represents data from male individuals only, and that,
given the significantly lower cartilage volume in women15,
the values will most likely be even more variable when
including both genders.
The process by which the calcification front is prevented
from reaching the end of the bone (and by which a layer of
hyaline cartilage is preserved in the process of enchondral
ossification) is currently unknown. Our data suggest, how-
ever, that the factors involved in this process (genetic or
mechanobiological28) are highly variable between indi-
viduals and result in a wide variety of cartilage thickness
values. In this context, it is of high interest to find appropri-
ate (and measurable) parameters that can explain (or are
at least associated with) the variability, as these may be
used to adjust the values in cross-sectional studies. If
measurable parameters could be identified that are not
themselves affected by the disease process, but show a
high degree of correlation with the normal cartilage mor-
phology, these could be taken to normalize the values and
reduce the interindividual variability, increasing the diag-
nostic specifity and sensitivity of quantitative cartilage
measurements. Only some of the variation can be
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Correlation of quantitative cartilage parameters in the knee joint cartilage plates with anthropometric variables in
27 healthy male individuals
Patella Medial
tibia
Lateral
tibia
Femoral
trochlea
Medial
femoral
condyle
Lateral
femoral
condyle
Total
femur
Cartilage volume
Age −0.15 0.06 −0.25 −0.15
Body weight 0.27 0.06 0.06 0.23
Body height 0.31 0.39 0.28 0.45
BCI area 0.67* 0.51* 0.67* 0.39
Mean cartilage thickness
Age −0.30 −0.31 −0.36 −0.41 −0.26 −0.02 −0.26
Body weight 0.05 −0.10 −0.12 −0.02 0.11 −0.01 0.03
Body height 0.27 0.43 0.31 0.45 −0.01 0.12 0.24
BCI area −0.01 0.09 −0.10 0.43 −0.07 −0.06 0.17
Maximal cartilage thickness
Age −0.50* −0.13 −0.16 −0.49* −0.41 −0.20 −0.50*
Body weight −0.16 0.10 −0.11 −0.22 −0.29 −0.12 −0.23
Body height 0.34 0.22 0.13 0.30 0.03 0.34 0.31
BCI area −0.05 0.15 0.00 0.33 0.22 0.11 0.17
Joint surface area
Age 0.12 0.07 0.03 −0.09
Body weight 0.53* 0.23 0.21 0.52*
Body height 0.25 0.28 0.14 0.61*
*P<0.01.
BCI=bone–cartilage interface.explained by differences in age of the individuals, the
maximal cartilage thickness values being more strongly
affected than the mean thickness and the volumes. This
is consistent with the investigations of Adam and
co-workers21,22, also describing a stronger age-dependent
decrease of the maximal cartilage thickness values with
age than for the mean thickness values. The negative
correlations may become higher when including a wider
age range, but for the given sample only a small proportion
of the variability can be explained. Body height is a better
predictor of cartilage volume and thickness than weight, but
less than 25% of the variability can be explained by this
anthropometric variable. In contrast to our previous study14,
the measurement of the bone size (here represented by the
size of the bone–cartilage interface) provided a better
estimate of the cartilage volume only in the patella and tibia
(compared with the body height), but not in the femur or the
total knee. In particular, bone size was found not to be a
useful parameter for estimating the mean or maximal
cartilage thickness within a joint, this being in contrast with
the observations of Karvonen et al.27. This indicates that it
is presently impossible to reliably estimate the original
cartilage volume or cartilage thickness from basic anthro-
pomtetric parameters. One could speculate that different
levels of physical activity are responsible for the variability
in cartilage thickness, since animal studies have suggested
an effect of training levels on tissue quantity29. However, a
recent study by Mu¨hlbauer et al.30 has revealed no statisti-
cally significant differences of cartilage thickness between
triathletes and physically inactive individuals. It is therefore
necessary to search for further parameters (e.g. muscle
cross-sectional areas, muscle strength, or others) that
may be helpful in predicting the quantitative distribution of
articular cartilage in the human knee joint. In this context,
twin and family studies may reveal the degree of genetic
predisposition of individuals to yield a certain cartilagevolume or thickness, and transgenic animal models31 may
allow identification of the genes and gene products
involved in the determination of these morphological
parameters.
In conclusion, we have described a surprisingly wide
range of normal values and high degree of interindividual
variability of the cartilage volume, thickness and articular
surface areas in the human knee joint of male individuals.
There are systematic differences between the cartilage
plates regarding the absolute values, but not the varia-
bility. The variability of the volume appears to depend
both on the variations in cartilage thickness and surface
areas, but there is no close relationship between the latter
parameters, suggesting a wide range of cartilage shapes
between individuals. There is also a high variability in the
percentage distribution of the tissue between the different
cartilage plates, individuals with high cartilage thickness
or a large surface area in one plate not necessarily
yielding high values in the other plates. The maximal
cartilage thickness shows a higher age-dependent
decrease than the volume and mean cartilage thickness.
Body height accounts for less than 25% of the variability
of the cartilage volume and is even less correlated with
the thickness. Bone size provides a slightly better esti-
mate of cartilage volume than body height in the patella
and tibia, but not in the femur and total knee joint, and we
observe no significant association between the cartilage
thickness and bone size. There thus appears to be no
tight mathematical relationship along which cartilage is
laid down in the various plates of the human knee joint.
Given the high interindividual variability and the low corre-
lation with measurable anthropometric variables, it is diffi-
cult to retrospectively estimate the amount of cartilage
loss in a patient with joint disease at the onset of symp-
toms. Further efforts are therefore required to identify the
factors that determine the high interindividual variability of
110 F. Eckstein: Variability of knee joint cartilagehuman articular cartilage volume, thickness and surface
areas and that can be used to normalize the values and
to reduce the large interindividual variability for diagnostic
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Fig. 5. Correlation between the mean knee joint cartilage thickness and anthropometric variables: (a) correlation between the mean cartilage
thickness and age; (b) correlation between mean cartilage thickness and body weight; (c) correlation between mean cartilage thickness and
body height; (d) correlation between mean cartilage thickness and size of the bone–cartilage interface (bone size).References
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